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The ants, the ants
on tips of plants
on sticks, on stones,
on ice cream cones;
beneath the ground
they ebb and flow,
precisely know
who’s friend, who’s foe.
They dig, they climb,
they drag, they haul
(they never seem
to play at all).
At obstacles
thrown in their path
they laugh! (Well, really,
ants don’t laugh:
they just speed up
their ant-like flow
and find a different
way to go.)
But when a gang
attacks their nest?
They beat their legs
against their chests,
they snap their
giant mandibles
and drive them out
with great success.
And then, after
the fight has quit,
they go back home
to baby-sit.
Joyce Sidman
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6ABSTRACT  
Ants are an ecologically dominant group often acting as keystone species. The key to their success is
their social lifestyle. Living in a society means that it is vital to distinguish a friend from a foe, in
order to protect the colony and its resources from exploitation by unwanted quests. Recognition in
ants is based on detecting a mixture of hydrocarbons found on the surface of other individuals. Typical
colony intruders are adult individuals, and thus recognition among adults is very well studied.
However, brood is an important part of these societies, representing the reproductive efforts of the
whole society, and accurate recognition of brood, and by brood, could be important in many different
contexts, such as when a colony gets usurped by a social parasite.
In this thesis, I investigated brood recognition in two Formica ant species from different points of
view. I used behavioural assays to study brood discrimination of adults and larvae and further
explored the mechanisms underlying recognition behaviour. I found that brood discrimination can be 
affected by caste, colony and species of brood, and that brood discrimination behavior follows 
inclusive fitness predictions. I also characterized the surface chemistry of pupae, showing how a 
species with a simple chemical profile in adults, can have complex brood profiles, which potentially 
carry cues for recognition. Furthermore, I studied the so far completely unknown chemosensory 
biology of ant larvae, and showed that larvae have the molecular machinery to perceive their social 
environment and react to information gathered from their surroundings.
This thesis adds to the accumulating knowledge that immature stages of social insects are not merely 
passive bystanders, by suggesting that ant larvae may take part in colony defense against social 
parasites. I also take the first steps in figuring out how ant larvae sense the world around them, and 
provide a basis for more detailed studies on the sensory biology of developing social insects. By 
describing the surface chemistry of immature ants, I furthermore help advance our understanding of 
the information ants use to recognize each other, highlight the context dependency of brood 
discrimination, and suggest new avenues of exploration in the field of chemical ecology.
7TIIVISTELMÄ  
Muurahaiset ovat ekologisesti merkittävä eliöryhmä, sillä ne ovat usein avainlajin asemassa, ja täten
vaikuttavat muihin ekosysteemin eliöihin. Muurahaisten valtaisa menestys perustuu siihen, että ne
elävät yhteiskunnissa. Yhteiskunnan toiminnan kannalta on äärimmäisen tärkeää pystyä erottamaan
yhteiskuntaan kuuluvat yksilöt vieraista. Muurahaisilla yksilöiden tunnistaminen perustuu näiden
pintaa peittävien hiilivetyjen aistimiseen. Hiilivetyjen perusteella muurahaiset pystyvät
tunnistamaan kohtaamiaan yksilöitä hyvinkin tarkasti ja näin yhteiskunnan jäseniä ja resursseja
voidaan suojella tunkeilijoilta. Tunkeilijat ovat useimmiten aikuisia muurahaisia, työläisiä tai
kuningattaria. Aikuisten välistä tunnistamista on tutkittu paljon. Yhteiskuntaan kuuluu kuitenkin
aikuisten lisäksi tärkeänä osana myös jälkeläiset (munat, toukat ja kotelot), joiden tuotantoon on
panostettu merkittävä määrä yhteiskunnan resursseja. Jälkeläisten tunnistaminen voi olla hyvin
tärkeää monessa eri yhteydessä, kuten silloin, jos muurahaispesiä uhkaavat sosiaaliset loiset ovat
vallanneet pesän ja pyrkivät täyttämään pesän omilla jälkeläisillään.
Väitöskirjassani tutkin jälkeläisten tunnistusta kahdella Formica-suvun muurahaislajilla. Käsittelin
tunnistamista useasta näkökulmasta, selvittäen käyttäytymiskokeilla aikuisten työläisten ja toukkien
käyttäytymistä muita jälkeläisiä kohtaan, sekä tutkien tunnistamiseen liittyviä molekulaarisia
mekanismeja. Tutkimuksista kävi ilmi, että jälkeläisten hyväksyntään vaikuttaa näiden kasti ja
alkuperä (saman lajin toinen pesä, tai eri laji). Tutkin myös jälkeläisten hiilivetyprofiileja ja osoitin
kuinka jälkeläisten pintakemia voi olla aikuisiin verrattuna monipuolisempi. Tämän lisäksi tutkin
toukkien kemiallista aistinbiologiaa, josta ei aiemmin tiedetty mitään. Osoitin, että
muurahaistoukilla on edellytykset aistia ympäröivää maailmaa ja reagoida ympäristön ärsykkeisiin.
Tämä väitöskirja vahvistaa ajatusta siitä, että yhteiskuntahyönteisten jälkeläiset eivät ehkä olekaan
pesän passiivisia sivustaseuraajia, vaan voivat osallistua pesän toimintaan ja jopa pesän
puolustukseen sosiaalisia loisia vastaan. Avasin myös oven muurahaistoukkien aistinbiologian
tutkimukselle, luoden pohjaa tarkemmalle jälkeläisten aistimisen tarkastelulle. Jälkeläisten
pintahiilivetyjen kartoittaminen auttaa osaltaan hahmottamaan sitä, millaista informaatiota
muurahaiset käyttävät tunnistaessa toisiaan.
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SUMMARY
1 INTRODUCTION  
1.1 COMMUNICATION AND 
RECOGNITION 
Communication, the passing of information from 
sender to a receiver is vital to all organisms. Not 
only do individuals communicate with each 
other, but communication also takes place within 
an organism (de Sousa 2008). When 
communicating, individuals (or other entities) 
detect stimuli in each other. These stimuli can be 
visual, olfactory, tactile or auditory. If a stimulus 
is produced without the intention of another 
individual acting upon this, the stimulus is a cue. 
When the stimulus is produced with the intention 
of another acting upon this, and the stimulus gets 
modified in response, the stimulus has evolved 
into a signal (Bradbury and Vehrencamp 2001).
Accordingly, recognition behaviour involves at 
least two individuals, one of which (sender) bears 
a cue or a signal, and one (receiver), that detects 
and compares the cue/signal to an internal
template (Liebert and Starks 2004). Based on the 
match, the sender is classified as a group member 
or an outsider. This is the perception component 
of recognition (Mateo 2004), an internal neural 
detection process that classifies individuals. The 
action component of the process follows when 
the receiver acts upon this information by, for 
example, showing aggression or acceptance
(Reeve 1989; Liebert and Starks 2004). Even 
though action follows from perception, 
recognition of individuals does not always lead 
to action, and discrimination can be context 
dependent (Downs and Ratnieks 2000; Chapuisat 
2004; Bos et al. 2010; Nehring et al. 2011;
Sturgis and Gordon 2012).
1.2 RECOGNITION IN ANTS IS BASED ON 
CHEMICAL COMMUNICATION 
Recognition is especially important for social 
insects, such as ants. Ants are characterized by a
division of labour into castes as well as division 
of reproduction. Since reproduction is divided 
and majority of individuals in a colony are 
altruistic and do not reproduce, they must gain 
fitness indirectly. Through directing their 
altruistic acts towards related individuals (kin 
recognition), they can gain inclusive fitness 
benefits (Hamilton 1964). Kin recognition (in the 
narrow sense) has been proven to exist (e.g. 
Hannonen and Sundström 2003), but in general it 
is not necessarily required in viscous 
populations, such as colonies, that are likely to 
consist of related individuals. Thus nest-mate 
recognition is at the core of these societies.
9To this end, chemical communication is used 
extensively in ants, as in all social insects (Wyatt 
2003, 2010; d’Ettorre and Hughes 2008; van 
Zweden and d’Ettorre 2010; d’Ettorre and Lenoir 
2011; Sturgis and Gordon 2012; Tsutsui 2013).
To recognize other individuals, they detect a
signature mixture: a subset of molecules on each 
other’s surface (van Zweden and d’Ettorre 2010; 
Wyatt 2010). The mixture consists of mostly 
hydrocarbons, which can be endogenous (i.e. 
produced by the individual) or environmentally 
and socially acquired (Gamboa 2004; Katzav-
Gozansky et al. 2004; van Zweden et al. 2010; 
Wicker-Thomas and Chertemps 2010; Bos et al. 
2011; Martin et al. 2013) and are mixed within 
the colony by food sharing and grooming
(Boulay et al. 2000; Soroker and Hefetz 2000; 
Leboeuf et al. 2016), creating a Gestalt colony 
odour (Crozier and Dix 1979). These 
hydrocarbons originally evolved to prevent 
desiccation (Gibbs 1998), but function 
extensively in chemical communication (Martin 
and Drijfhout 2009a; Wicker-Thomas and 
Chertemps 2010). The quantitative and 
qualitative variation in hydrocarbon profiles of 
ants, allow species- and colony specific 
detection, as well as detection according to e.g. 
task, sex, fecundity, age and caste (e.g. Wagner 
et al. 1998; Dietemann et al. 2005; Martin and 
Drijfhout 2009b; van Zweden and d’Ettorre 
2010; Martin et al. 2013; Kleeberg et al. 2017).
Ants detect these chemical compounds with a 
chemosensory system, including a range of 
proteins in the antennal sensilla that detect, bind 
and carry the odorant molecules. The olfactory 
stimuli are then perceived in the antennal lobes 
and the higher integration centres in the brain, 
and ultimately lead to behavioural responses 
(Hildebrand and Shepherd 1997; Guerrieri et al. 
2005; Ozaki and Wada-Katsumata 2010). It was 
long believed that nest-mate recognition (see 
below) is based on long-term memory of 
hydrocarbons (Lenoir et al. 1999), but more 
recent work (Ozaki et al. 2005) suggests that the 
olfactory receptors in the antennae desensitize to 
familiar odours, and that updating of the nest-
mate template happens at the receptor-level, 
rather than in higher brain regions. Alternatively,
habituation to nest-mate odours could happen in 
the antennal lobes, where the information 
gathered from the receptors is first integrated 
(Leonhardt et al. 2007; Guerrieri et al. 2009; Bos 
and d’Ettorre 2012).
1.3 NEST-MATE RECOGNITION  
One of the main functions of chemical 
communication in ant colonies is to distinguish
nest-mates from intruders (Jaisson 1991; Sturgis 
and Gordon 2012). Several models for nest-mate 
recognition have been suggested. Sherman et al. 
(1997) proposed two models: one is based on 
including individuals that carry desirable stimuli
(D-present model), and other on excluding 
individuals that carry undesirable stimuli (U-
absent model). An updated, non-nest-mate 
recognition model, the U-present model, was 
later proposed (Guerrieri et al. 2009; van Zweden 
and d’Ettorre 2010). This model supports the 
idea that higher brain regions are not involved in 
nest-mate-recognition, but that detection of non-
nest-mates would happen due to either habituated 
antennal lobes or desensitized antennae (Ozaki et 
al. 2005; Leonhardt et al. 2007). The model thus 
proposes detecting and discriminating against 
non-nest-mates (undesirable individuals), instead 
of detecting each encountered nest-mate (D-
present model), or the absence of non-nest-mates 
(U-absent model). 
In addition, Reeve et al. (1989) proposed 
adaptively shifting conspecific acceptance 
thresholds. According to Reeve, there are two
factors that dictate the stringency of the 
acceptance threshold: 1) the fitness costs of 
making acceptance errors (analogous to 
statistical Type II error, i.e., accepting 
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individuals that are undesirable), and rejection 
errors (analogous to statistical Type I error, i.e.,
rejecting individuals that are desirable) and 2) the 
frequency of interactions with desirable and 
undesirable individuals. These models (as all 
models) are simplifications of reality, but have 
been shown to work well (e.g. Downs and 
Ratnieks 2000) and help visualize the link 
between perception and action components of 
nest-mate recognition processes.
1.4 BROOD RECOGNITION 
Brood (eggs, larvae and pupae), even though 
often neglected, are an important part of ant
societies, as brood play an important role in 
colony interactions (Schultner et al. 2017).
Workers show directed behaviour towards brood 
(Wilson 1971), and even tending to the queen(s) 
is secondary to tending to the brood (Lenoir 
1981). Brood represent the reproductive 
investment of the colony and, from an inclusive 
fitness point of view, brood recognition can be 
crucial in many different contexts, such as kin 
conflicts within colonies (Schultner and 
Pulliainen 2019).
Furthermore, recognition of non-nest-mate brood 
may be especially important in species targeted 
by social parasites (Schmid-Hempel 1995).
Many ant species have evolved to parasitize one 
another; these social parasites include permanent 
inquilines, temporary social parasites and slave-
makers (Buschinger 2009). Of these, temporary 
social parasites are perhaps the most malicious, 
since the parasite queen invades a host colony,
kills the resident queen(s) and usurps the colony 
by producing her own offspring. If the parasite 
queen succeeds, the host colony loses its entire 
future reproductive output (Buschinger 2009).
As the cost of hosting such a parasite is high, the 
host species should invest in defence
mechanisms to discriminate against both the 
parasitic queen, and her offspring (Alloway 
1990; Achenbach and Foitzik 2009; Chernenko 
et al. 2011, 2013; Grüter et al. 2017).
Accordingly, ant populations that are common 
hosts to social parasites have evolved to detect 
con- and hetero-specific non-nest-mates more 
accurately than populations without this threat
(Martin et al. 2011).
Brood recognition and discrimination have been 
studied to some extent, and overall, brood 
discrimination appears to be context-dependent 
(reviewed in Schultner and Pulliainen 2019).
This variation in brood discrimination is most 
likely not due to lack of chemical information. 
Although the surface chemistry of brood has not 
been studied in the same detail as that of adults
(van Zweden and d’Ettorre 2010; d’Ettorre and 
Lenoir 2011; Sturgis and Gordon 2012; Tsutsui 
2013), the role of surface hydrocarbons in brood 
recognition is well established (e.g. Viana et al. 
2001; Souza et al. 2006; Achenbach et al. 2010a; 
Helanterä and d’Ettorre 2014). Brood surface 
chemistry has not only been shown to display 
variation among species and colonies, but also 
according to viability, developmental stage, sex,
caste, maternity, paternity and even colony social 
structure (Schultner and Pulliainen 2019).
Although knowledge on brood recognition and 
surface chemistry of brood is slowly 
accumulating, next to nothing is known about 
social insect brood as the receivers of chemical
information. Social insect larvae are surrounded 
by complex social interactions, and participate 
and respond to the social environment (Urbani 
1991; Cummings et al. 1999; Schultner et al. 
2013, 2017). But how do the immatures 
themselves (namely larvae) sense the world and 
individuals around them, and under what 
circumstances do they act on the perceived
information?
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2 AIMS OF THE THESIS 
This thesis consists of four chapters, in which I 
explore brood recognition abilities of adults and 
larvae, and from there, take a step further into the 
world of chemical communication that is at the 
core of all recognition behaviour (Figure 1). In 
Chapter I, I consider the recognition abilities of 
ant larvae and ask whether they can recognize the 
origins of eggs. Here I suggest that ant larvae 
could act in nest defense  
 
 
against social parasites. In Chapter II, I 
characterize the so far completely unknown 
chemosensory biology of ant larvae and 
investigate how ant larvae sense the world 
around them. In Chapter III, I ask whether 
workers can recognize and discriminate against 
pupae of different origins. In Chapter IV, I 
analyze the surface chemistry of pupae according 
to sex and caste, and ask whether pupae carry 
informative odour cues.
 
 
 
 
Figure 1) Study questions and main results of the four thesis chapters. (Photos ©Unni Pulliainen, ant: ©Nick 
Bos)  
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3 METHODS
3.1 THE STUDY SPECIES  
In my thesis I used two species of Formica ants
as the focal species: the common black ant, 
Formica fusca (Chapters I and II), and the 
narrow-headed ant, Formica exsecta (Chapters 
III and IV). Formica fusca is a common species 
in temperate forests (Collingwood 1979; Seifert 
2007). It dominates the composition of ant fauna 
for several years after forest clearing, as it 
inhabits these semi-open habitats efficiently as a 
pioneer species (Punttila and Haila 1996). As the 
succession advances F. fusca nests are targeted 
and replaced by several temporary social parasite 
ant species (Punttila et al. 1991; Punttila and 
Haila 1996). Perhaps due to this high parasite 
pressure, both workers (Helanterä and 
Sundström 2007b; Helanterä and Ratnieks 2009; 
Chernenko et al. 2011, 2013; Helanterä et al. 
2011, 2014; Martin et al. 2011) and larvae
(Schultner et al. 2014; Pulliainen et al. 2019) 
exhibit precise discrimination abilities. Many ant 
species separate their brood according to 
developmental stage (Franks and Sendova-
Franks 1992). Formica fusca, however, keeps 
their brood in piles, which allows larvae to access 
eggs within the nest. This makes the species ideal 
to study the recognition and egg consumption 
behaviour of larvae, especially in the context of 
social parasitism.
Formica exsecta in turn is found in sunny patches 
in mixed and dry woodland, where it inhabits 
forest clearings and borders (Czechowski et al. 
2002). The population I used in experiments for 
Chapters III and IV, has been studied extensively
with respect to different aspects of its ecology 
and genetics (e.g. Sundström et al. 1996; 
Vitikainen et al. 2011), as well as nest-mate 
recognition and the surface chemistry (Martin 
and Drijfhout 2009b; Martin et al. 2012a,b, 
2013).
These characteristics make both of these species 
good representatives for studying brood 
recognition. Specifically, F. fusca is an excellent 
model to study potential defense strategies of 
hosts against temporary social parasites, and the 
chemosensory biology of larvae. The population 
of F. exsecta I used is ideal for studying variation 
in surface chemistry, and recognition behavior.
In addition to the two focal species, I also used 
two social parasite species (F. pressilabris and F. 
truncorum) and two non-parasite species (F. 
lemani and F. cinerea) for egg production in 
Chapter I and F. pressilabris in Chapter II.
3.2 COLLECTION AND HOUSING  
All of these species of ants can be found in the 
vicinity of Tvärminne Zoological station in 
southwestern Finland (with the exception of F. 
lemani, which I collected from Hyytiälä, central 
Finland). I collected pupae and adult workers 
from the monogyne (one reproductive queen) 
colonies of F. exsecta on the islands in the 
Tvärminne archipelago just outside of the Hanko 
peninsula (59°50’ N, 23°15’ E) (Figure 2), and 
entire colonies of F. fusca with workers and 
varying numbers of queens from the mainland
(mainly around 59°90’ N 23°25’ E). Queens with 
workers from F. pressilabris, F. truncorum and 
F. cinerea were also collected from around the 
Tvärminne Zoological station. 
The colonies (F. fusca, n=28 for Chapter I; n=6 
for Chapter II) and colony fragments (F. exsecta,
n=35 for Chapters III and IV) were sometimes 
further divided into smaller fragments for the 
experiments, housed at room temperature in 
either plastic boxes or glass-roofed Y-tong 
(porous stone) nests, fed with honey-egg-agar 
mix (Bhatkar diet, Bhatkar and Whitcomb 1970),
and the nests were watered daily. Queens and 
workers from the additional species (Chapter I)
were kept in the dark at +4ºC in the laboratory, 
until the onset of the experiments when queens 
were moved to individual Petri dishes to lay eggs.
13 
 
Ethical note  
The methods I used adhere to the ABS/ASAB 
guidelines for ethical treatment of animals in 
research. No rules govern the treatment of our 
study organisms. To ensure minimal disturbance 
to ant colonies, only a fraction of workers, 
queens and brood was collected, where possible. 
Ants were fed and the colonies were watered 
daily, and individuals were treated carefully. 
3.3 BEHAVIOURAL ASSAYS AND 
EXPERIMENTAL SET-UPS  
Behavioural experiments are the backbone of this 
thesis. Chapters I and III, which lay the 
groundwork for Chapters II and IV, rely heavily 
on behavioural assays. In Chapter I, I used an egg 
consumption assay to find out whether larvae of 
the common social parasite host species, F. 
fusca, consume eggs differently, depending on 
the origin of the queen that laid the eggs (parasite, 
non-parasite, nest-mate, or conspecific non-nest-
mate). Since Formica ant larvae do not move 
considerably, I gave the larvae easy access to an 
egg by placing them on top of it in a Petri dish. 
Egg consumption was documented after 48 hours 
(Figure 3). 
To study larval sensory gene expression in 
different social environments (Chapter II), I 
placed young F. fusca larvae (1-3 days post 
hatching) in a Petri dish for 24 hours, either alone 
(social isolation) or with other nest mate larvae 
and eggs (social stimulation) (Figure 4). Larvae 
were then stored for RNA extractions. Finally, to 
measure the propensity of F. exsecta workers to 
retrieve pupae depending on the nest of origin 
(nest mate vs. non-nest mate), I used a pupa 
retrieval assay (Chapter III). I conducted two sets 
of tests, one with worker pupae and other with 
sexual pupae (future reproductives). In both sets 
I placed an arena on top of a nest box, which 
contained workers. On the arena, I placed nest 
mate and non-nest mate pupae. I allowed the 
workers to retrieve the pupae from the arena, and 
recorded the origin and order of pupae brought to 
the nest box (Figure 5). 
.   
 
Figure 2) Image of F. exsecta collection on the 
island of Furuskär in Tvärminne archipelago. © Siiri 
Fuchs 
 
 
Figure 3) Formica fusca larva consuming F. 
pressilabris egg, with the remains of the eggshell in 
the picture on the right.  © Proceedings of the Royal 
Society 
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Figure 4) Flowchart of the setup for RNA-sequencing in Chapter II. ©2019 Springer Nature Publishing 
 
Figure 5) The pupae retrieval set-up. a) Side view of the set-up with a hole in the middle of the arena to allow 
access from the nest box. b) Top view of the arena with alternating nest-mate and non-nest mate pupae placed 
in a circle (Rosengren and Cherix 1981; adapted from Maeder et al. 2005). © The Association for the Study 
of Animal Behaviour 
 
3.4 CHEMICAL ANALYSIS  
Chemical analysis of surface hydrocarbons is 
central to studying chemical communication and 
recognition behaviour in social insects (van 
Zweden and d’Ettorre 2010). I used chemical 
analysis to reveal between-colony differences in 
surface chemistry of pupae (Chapter III) and to 
explore how chemical distance between eggs of 
different species may influence larval egg 
consumption behaviour (Chapter I). I 
furthermore characterized the quantitative and 
qualitative differences of the surface chemistry 
of sexual and worker pupae, as well as adult 
workers of F. exsecta (Chapter IV). In order to 
reveal potential differences in compounds 
between cocoons and the developing individuals 
within the cocoon, I analyzed their chemistry 
separately. All the analyses of surface chemicals 
were performed with gas chromatography, 
coupled with mass spectrometry (GC-MS, Box 
1). Surface chemicals were extracted by first 
immersing the samples in pentane, which 
extracts the layer of surface chemicals to the 
liquid. Pentane was then moved to a separate vial 
and allowed to evaporate. The surface chemicals 
left in the bottom of the vial were rediluted in 
pentane and injected into a GC-MS (Box 1). The 
hydrocarbons in each sample were then 
identified using their retention times and the 
mass spectra and their relative amount 
quantified.
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Box 1) GC-MS  
Gas chromatography (GC) and mass spectrometry
(MS) are microanalytical techniques used concurrently
to identify and quantify chemical compounds that 
exist in a mixture, and are commonly used in the 
analysis of surface chemistry.
Gas chromatography
Samples dissolved in a solvent are injected to an inlet 
and vapourized into a gas. This gas is then carried
through a column towards a detector. As the column is 
heated up slowly, the different compounds migrate 
through the column at different temperatures according 
to their volatility. Different compounds thus reach the 
detector at different times (retention time) and can be
later detected as separate peaks in a graph (chromatogram), 
positioned according to their retention times.
Mass spectrometry
In the mass-spectrometer, each separated compound is broken into electrically charged fragments of 
different size, due to a beam of electrons being passed through these molecules. These fragments 
travel through a magnetic tunnel and are sorted according to their mass to charge ratio (m/z) and their 
relative abundance, which are shown in a graph (mass spectrum). The mass spectrums of chemical 
compounds do not change, hence the mass spectra can be used to identify the different compounds.
Compounds tend to break apart in specific ways, and thus by analyzing all the fragments and their 
abundance, one can infer the original molecular structure.
Both retention time from the GC, and the mass spectrum from the MS, are used in identifying 
compounds in a sample. Quantification in turn is done by measuring the relative surface area of each 
peak in a chromatogram.
References:
Sparkman, O. Penton, F.  Kitson, O. Sparkman, Z. Penton, and Kitson, F. 2011. Introduction and History. 
Gas Chromatogr. Mass Spectrom. 2–13. Academic Press.
Drawing ©Annu Tertsonen
 
3.5 GENETIC ANALYSIS 
Determination of larval sex
Male Formica larvae have been shown to 
cannibalize more than females (Schultner et al. 
2013, 2014). Thus, to avoid a possible bias in 
the results of the egg consumption experiments 
(Chapter I), it was important to determine the sex 
of larvae involved and use it as a variable in the 
analysis. For this I genotyped larvae from each 
colony. Their DNA was extracted with Chelex
and Proteinase-K and samples were amplified at 
8 microsatellite loci previously tested in this 
species (Schultner et al. 2014) using the 
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QIAGEN Type it Microsatellite Multiplex 
protocol and analyzed with an ABI sequencer. 
Microsatellite peaks were scored using 
Genemapper, and since hymenopteran females 
are diploid and males are haploid, the sex of 
larvae were determined based on 
heterozygosity/homozygosity of these loci.
RNA sequencing
To characterize the sensory-related gene 
expression patterns in F. fusca larvae, and to 
identify candidate genes involved in sensory 
perception, I compared gene expression of larvae 
from two social environments (social 
environment vs isolation) and characterized
expression patterns of candidate sensory-related 
genes (Chapter II). To explore gene expression, 
I used RNA sequencing on RNA that was 
extracted from the whole body of larvae.
 
4 MAIN RESULTS AND THEIR 
INTERPRETATION  
I showed that brood discrimination in two 
Formica ant species is context-dependent and 
can be affected by the colony origin (Chapter I &
Chapter III), caste (Chapter III), and/or species
(parasite versus non-parasite) (Chapter I) of 
brood (Figure 1). Furthermore, the results of 
Chapter I and Chapter III indicate that 
discriminatory decisions are made in accordance 
to predicted inclusive fitness benefits.
Characterization of the chemical profiles of F. 
exsecta pupae in Chapter IV highlights the 
diversity of surface chemistry in developing ants.
Finally, the results of Chapter III provide first 
insight into chemosensory gene expression in F. 
fusca larvae and offer support for the idea that 
larvae can detect changes in their social 
environment. Below I discuss these results and 
interpret their significance in more detail.
4.1 BROOD DISCRIMINATION BEHAVIOUR 
OF ADULTS AND LARVAE  
Larvae as discriminators
In Chapter I, I showed how larvae of a common 
host species to social parasites (F. fusca)
consume social parasite eggs more than eggs of 
non-parasitic species. Furthermore, larvae 
consumed non-nest-mate eggs, but no nest-mate 
eggs (Figure 6). This indicates that F. fusca
larvae have the ability for accurate nest-mate 
recognition, just like adults of this species
(Hannonen and Sundström 2003; Helanterä and 
Sundström 2007a; Helanterä and Ratnieks 2009; 
Chernenko et al. 2011, 2013; Helanterä et al. 
2011; Martin et al. 2011), and that they can assess 
whether the encountered species is a parasite or 
not. Formica fusca adults have been suggested to 
have acquired accurate recognition abilities as a 
response to parasite pressure in areas where it is 
commonly parasitized (Martin et al. 2011).
Larval recognition abilities shown here may also
result from parasite pressure.
Figure 6) Average rates of egg consumption by F. 
fusca larvae, when offered non-parasite eggs (n = 
287), parasite eggs (n = 424), non-nest-mate eggs (n 
= 154), or nest-mate eggs (n = 56), with 2.5 and 
97.5% quantiles. © Proceedings of the Royal Society
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Previous studies on larval recognition abilities in 
the context of egg consumption have shown that 
larvae can adjust their consumption behavior 
according to traits such as egg viability and 
colony origin (Baroni Urbani 1991; Crespi 1992; 
Schultner et al. 2013, 2014). Although not 
studied in great detail, the fact that larvae can 
recognize other individuals is not surprising, 
since pre-imaginal learning (learning during the 
larval stage) affects adult recognition abilities in 
several species of ants (Isingrini et al. 1985; Hare 
and Alloway 1987; Carlin and Schwartz 1989; 
Signorotti et al. 2013). 
That larvae prefer to consume social parasite 
eggs suggests that they may help the colony 
defend against social parasites. Although it is not 
known at which stage of the parasite attack the 
host queen is executed, the resident queen has 
most likely been killed at the time the parasite 
queen lays her eggs. So how can destruction of 
parasite offspring still be beneficial?  There are 
several ways in which a host colony can gain 
fitness benefits, even in the absence of their 
queen(s). First, host workers can produce 
unfertilized eggs (Helanterä and Sundström 
2005, 2007b; Chernenko et al. 2011,  
2013; Grüter et al. 2017), which grow into males. 
Second, larvae can increase their own survival by 
consuming eggs (Schultner et al. 2013). As an 
added advantage, female larvae are more likely 
to develop into a queen in the absence of a mature 
queen, which could lead to direct fitness benefits 
(Helanterä and Sundström 2005). This study is 
the first to show that ant larvae can participate in 
defensive acts, which benefit the colony as a 
whole. 
Nest-mate recognition 
In Chapter III, I showed how adult F. exsecta 
workers retrieve nest-mate and non-nest-mate 
pupae differently depending on the caste of the 
pupae. Nest-mate sexual pupae (future males and 
gynes) were preferred over non-nest-mates 
(Figure 7a). However, worker pupae retrieval 
was not affected by the colony origin of pupae, 
as both nest-mate and non-nest-mate pupae were 
retrieved at similar rates (Figure 7b).  
 
 
 
 
Figure 7) Proportions of nest-mate and non-nest mate a) sexual pupae and b) worker pupae not retrieved during 
the first 10 retrieval events, including the 95% confidence intervals indicated by the dotted lines and shaded 
areas. © The Association for the Study of Animal Behaviour 
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Figure 8) Schematic visualization of theoretical frequency distributions of the nest-mate and non-nest-mate 
surface chemistry for worker pupae (a) and sexual pupae (b). The figures also show the assumed position of 
the acceptance threshold, as well as the acceptance-error region this threshold creates (Adapted from Reeve 
1989). Even though the rationale for non-linear acceptance thresholds is well supported (van Zweden and 
d’Ettorre 2010), for simplicity I present linear thresholds here.
The results appear to follow predicted fitness 
consequences related to the rejection- and 
acceptance errors, which in the case of pupa 
retrieval, differ between discrimination of sexual 
and worker pupae. In the case of worker pupa 
retrieval, the cost of making acceptance errors is 
minimal, since alien worker pupae do not pose a
threat to a colony, and can even be beneficial by 
acting as additional work force once eclosed 
(Buschinger et al. 1980; Isingrini et al. 1985; 
Fénéron and Jaisson 1995; Orivel et al. 1997).
There is also no cost of rearing these non-nest-
mates at this developmental stage, since pupae do 
not need to be fed or require as much tending as 
earlier life stages. This creates a universal 
acceptance threshold, since there are no costs 
related to acceptance errors (Figure 8a). 
Accepting non-nest-mate sexual pupae however,
which do not contribute to the workforce, use a 
high amount of resources, and could potentially 
reproduce in the colony, results in higher costs of 
acceptance errors. Furthermore, and probably 
more importantly, rejecting nest-mate sexual 
brood (rejection error) should be avoided, as 
sexual offspring represent the fitness of the 
colony. Thus, the fitness costs related to both the 
acceptance and rejection errors push the 
acceptance threshold towards a more stringent 
threshold. However, according to Reeve’s (1989) 
optimal-acceptance-threshold –theory, the 
acceptance threshold is not only affected by the 
fitness consequences of these errors, but also by 
the frequency of encounters with nest-mates and 
non-nest-mates. The optimal acceptance 
thresholds become more permissive as the 
relative frequency of interaction with desirable 
recipients increases. Hence, as the frequency of 
encountering non-nest-mate sexual pupae (as 
well as worker pupae) is presumably low, and the 
cost of potential rejection error is high, the 
threshold allows a proportion of acceptance 
errors (Figure 8b).
The same rationale can be used to discuss egg 
consumption choices of larvae (Chapter I). There 
was a significant difference in consumption of 
nest-mate eggs (0% of eggs consumed),
compared to non-nest-mate eggs (9% of eggs 
consumed) (Figure 6). The acceptance of non-
nest-mate eggs is potentially costly and the 
frequency of encountering parasite eggs in this 
species is high (Martin et al. 2011), which would 
lead to a stringent acceptance threshold.
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However, also here the cost of rejection error, i.e. 
consuming siblings, is high, which pushes the 
optimal acceptance threshold to be more 
permissive and to ensure the inclusion of all nest-
mates. Even though the parameters affecting the 
optimal threshold are not identical between egg 
consumption behaviour (Chapter I) and sexual 
pupae retrieval (Chapter III), in both cases 
minimizing rejection errors and costs related to 
acceptance errors are balanced and thus the 
optimal acceptance threshold can be assumed to 
be similar (Figure 8b). 
 
4.2 MECHANISMS UNDERLYING 
RECOGNITION BEHAVIOUR  
Genetic underpinnings of larval chemosensory 
biology 
In Chapter I, I found that larvae prefer to 
consume social parasite eggs and can even 
discriminate eggs on a colony level. This 
discrimination is most likely based on chemical 
cues on the surface of eggs (Johnson et al. 2005; 
Schultner et al. 2013; Helanterä and d’Ettorre 
2014; Helanterä et al. 2014). However, the 
chemosensory biology of ant larvae has not been 
studied in much detail. How do ant larvae sense 
the world around them? I addressed this question 
using a transcriptomic approach to search for 
expression of chemical communication related 
genes. In Chapter II, I subjected larvae of F. 
fusca to two social environments (isolation and 
stimulation with the presence of nest-mate larvae 
and eggs) and characterized the expression of 
sensory-related genes. I found that social 
stimulation affected sensory gene expression 
(Figure 9), and that genes overexpressed in 
stimulated larvae were related to chemosensory 
perception. The sensory genes overexpressed in 
socially stimulated, compared to isolated larvae, 
included genes from the major chemosensory 
gene families known to carry and bind odorant 
compounds in social insects (Ishida et al. 2002; 
Kulmuni and Havukainen 2013; McKenzie et al. 
2014; Hojo et al. 2015). I also found other 
potentially interesting sensory genes, which have 
been shown to be involved in chemoreception 
and expressed in sensory organs in either adult 
insects and/or insect larvae (Sevala et al. 2000; 
Guntur et al. 2004; Willingham and Keil 2004; 
Fujikawa et al. 2006; Yoshizawa et al. 2011; 
Andrés et al. 2014). This is the first step in 
understanding chemosensory activity in ant 
larvae, with the results suggesting that ant larvae 
have the sensory capabilities to perceive their 
social environment. 
 
 
Figure 9) Heat map presenting expression values 
(logFPKM [fragments per kilobase million] +1,) for 
differentially expressed chemical communication-
related and other sensory genes. Each column 
represents either a socially stimulated, or a socially 
isolated larva (Chapter II, Figure 5). 
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Surface hydrocarbons of F.exsecta 
 
I found differences in the surface hydrocarbon 
profiles of the different sample sets of F. exsecta: 
adult workers, cocoons (gynes, males and 
workers), and developing individuals (gynes, 
males and workers). The proportions of different 
classes of hydrocarbons varied between the 
sample sets (Figure 10). All pupa samples had 
larger ratios of n-alkanes than adult workers, and 
correspondingly smaller quantities of (Z)-9-
alkenes (Figure 10). Whether the n-alkanes have 
any brood recognition functions, or are simply 
more abundant in brood due to the lack of (Z)-9-
alkenes, remains to be tested. The (Z)-9-alkenes 
are nearly missing from the developing 
individuals, which suggests that these nest-mate 
recognition compounds (Martin et al. 2008, 
2013) are not produced by the developing 
individuals themselves. This supports the notion 
that nest-specific compounds can be acquired 
from the environment and other ants (Boulay et 
al. 2000; Soroker and Hefetz 2000; Katzav-
Gozansky et al. 2004; Bos et al. 2011; Leboeuf et 
al. 2016) and the hypothesis that the colony 
Gestalt odour is acquired at a chemical 
integration period at the early adult stage (Lenoir 
et al. 1999). 
 
 
 
Figure 10) Relative representation of groups of hydrocarbons (linear n-alkanes, Z(9)-alkenes, 
monomethylated and dimethylated alkanes) in gyne (a), male (b) and worker (c) pupae, as well as adult workers 
(d). Photo ©Unni Pulliainen 
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Table 1) Heat map of compounds that have on average >1% representation in the different developmental 
stages of F. exsecta: eggs (Helanterä and d’Ettorre 2014), larvae (Peignier et al. 2019), pupae and adult workers 
(Chapter IV), emerged and mature sexuals (Martin et al. 2014). The % of compounds in emerged and mature 
sexuals was estimated from Figure 1 in Martin et al. (2014), (Chapter IV, Table S2).
EGGS LARVAE
WORKERS
COMPOUND cocoon individual cocoon individual cocoon individual emerged mature emerged
5.9-DiMeC17
x.y-DiMeC17
x.y-DiMeC17 1--5%
x.y-DiMeC19 5-10%
x.y-DiMeC19 10-20 %
C21:1 > 20 %
C21
x.y-DiMeC21
x.y-DiMeC21
C23:1
C23
3.11-DiMeC23
C24
C25:1
C25
Mix x-MeC25
C
D
C26
C27:1
C27  
7-MeC27
C28
C29:1
C29
Mix x-MeC29
9-MeC29
7-MeC29
5-MeC29
C31:1
C31
Mix x-MeC31
C32
C33:2
C33
C35:1
mature
PUPAE ADULTS
WORKERS GYNES MALES GYNES   MALES
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I confirmed that adult workers of F. 
exsecta have, compared to other ant 
species, an extremely simple cuticular 
hydrocarbon profile (Table 1) (Martin et 
al. 2008, 2012a, 2013; Martin and 
Drijfhout 2009b). Contrary to what has 
been found in other species of ants 
(Bagnères et al. 1991; Akino et al. 1999; 
Viana et al. 2001; Elmes et al. 2002; 
Souza et al. 2006; Richard et al. 2007; 
Fouks et al. 2011; Helanterä and 
d’Ettorre 2014), the chemical profiles of 
brood in F. exsecta are more complex
(Table 1). The adult profiles, in both 
workers, as well as mature sexuals 
(Martin et al. 2014) consist of a few 
dominating compounds (n-alkanes and 
their (Z)-9-alkene counterparts), 
whereas the brood profiles have a more 
equal representation of a larger selection 
of compounds, including methylated 
alkanes.
Of these brood-specific compounds, 
there were a few that could potentially be
used in a brood recognition context.
These include the longer-chained 
hydrocarbons: (Z)-9-alkene C31:1 and n-
alkane C31, which are found in very low 
proportions, or not at all, in adult 
workers, newly emerged and mature 
sexuals. Both are found in larvae, and 
C31:1 is also found in eggs (Table 1). 
Another example of a potentially 
interesting brood-specific compound is 
the monomethyl 7-MeC29, which in my 
data was present in developing 
individuals in moderate quantities, and
present only in trace quantities in the 
remaining sample sets. The 7-MeC29 was 
also found in larvae, and newly emerged 
sexuals, but almost undetectable in 
matured sexuals and adult workers
(Table 1). This suggests that the 
compound is most likely synthesized by 
the developing individuals, starting at
the larval stage. Thus, the compound 
may for instance signal the need for care.
Monomethylated compounds have the 
potential to act as pheromones, as for 
instance, monomethylated alkane 3-
MeC31 plays a role in queen-worker 
communication and suppresses worker 
ovarian activation in Lasius ants
(Holman et al. 2010).  
In Chapter III, I found that workers 
discriminate against nest-mate and non-
nest-mate pupae differently depending 
on the caste of the pupae. This is most 
likely not due to workers not being able 
to recognize the origins of worker pupae, 
since both worker and sexual pupae 
carried colony information. I did not 
give workers a chance to choose between 
sexual and worker pupae, hence, it 
remains to be tested whether they can 
discriminate between these castes. There 
was a difference in the short-chained 
dimethyl hydrocarbons between sexual 
and worker brood (Table 1), (Chapter 
IV), but the role of these compounds as 
recognition cues remains to be tested. 
There are only few studies with evidence 
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of caste-specific brood recognition in 
ants (Brian 1975; Edwards 1991; 
Achenbach et al. 2010; Fox et al. 2011; 
Villalta et al. 2016; Penick and Liebig 
2017), and in some of these,
discrimination has been suggested to be 
based on a mixture of cues, including 
chemical and tactile cues such as size 
differences and pilosity (i.e. hairiness).
5 CONCLUSIONS  
I showed that social insect larvae have 
the molecular machinery to perceive 
their social environment (Chapter II)
and react to information gathered from 
their surroundings (Chapter I). I also 
showed how brood nest-mate 
discrimination is context dependent and 
that the acceptance threshold is shifted 
according to fitness predictions. The 
optimal response can be to reject non-
nest-mates in one context and accept 
them in another. Although the context of 
nest-mate recognition is different in 
pupae retrieval assays (Chapter III) and 
larval egg consumption assays (Chapter 
I), the same principles of nest-mate 
discrimination apply. Furthermore, by 
characterizing the surface chemistry of 
F. exsecta (Chapter IV), I built on the 
existing knowledge available for other 
developmental stages of this species,
thus highlighting the diversity of surface 
chemistry in social insects across 
developmental stages, and suggesting
possible differences in origins of 
hydrocarbons in different developmental 
stages.
This thesis helps advance the field by 
adding to the accumulating knowledge 
that immature stages of social insects are 
not merely passive bystanders
(Schultner et al. 2017), but can 
participate in colony life. I contribute the 
first study (Chapter I) to suggest ant 
larvae take part in colony defense against 
social parasites by trying to eliminate 
eggs laid by intruding queens. I also take 
the first steps in describing how ant 
larvae sense the world around them, and 
provide a basis for more detailed studies 
on the sensory biology of developing 
social insects (Chapter II). By 
describing the surface chemistry of 
immature ants (Chapter IV), I help 
advance our understanding of the 
information available for recognition,
highlight the context dependency of 
brood discrimination in ants, and suggest 
new avenues of exploration in the field 
of chemical ecology (Chapter I).
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